The promoter region of the highly regulated INO1 structural gene of yeast has been Investigated. The major transcription initiation start site ( + 1) was mapped to a position located five nucleotkJes upstream of the previously Identified initiation codon. The INO1 TATA is located at -116 to -111. The INO1 promoter region was used to construct fusions to the Escherichia coli lacZ gene. All INO1 fusion constructs that retained regulation in response to the phospholipid precursors inositol and choline, contained at least one copy of a nine bp repeated element (consensus, 5'-ATGTG-AAAT-3'). The smallest fragment of the WOT promoter found to activate and regulate transcription of the fusion gene from a heterologous TATA element was 40 nucleotides in length. This fragment contained one copy of the nine bp repeat and spanned the INO1 promoter region from -259 to -219. However, when an oligonucleotide containing the nine bp repeated sequence was inserted 5' to the CYC1 TATA element, it failed to activate transcription.
INTRODUCTION
In yeast, the major membrane phospholipids, phosphatidylinositol (PI) and phosphatidylcholine (PC), are synthesized by two separate pathways that diverge from a common lipid precursor, CDP-diacylglycerol (CDP-DG) (1, 2) . Enzymes in the PI and PC pathways, as well as the enzyme that synthesizes their common precursor, CDP-DG, are regulated in a coordinate fashion in response to soluble phospholipid precursors (3, 4, 5, 6) . The first step in the synthesis of PI is the conversion of glucose-6-phosphate to inositol-1-phosphate (I-l-P). This reaction is catalyzed by the enzyme I-l-P synthase, the product of the INO1 gene (6) . The addition of inositol to the growth medium represses the level of enzyme activity (4, 6) due to a reduction in the level of INO1 RNA (7) . The addition of choline to cells growing in the presence of inositol results in an additional decrease in the level of INO1 RNA. In the absence of inositol, however, choline has no effect on INO1 RNA abundance (7) . The effects of inositol and choline on INO1 expression are similar to their effects on the expression of several other phospholipid biosynthetic enzymes. The activities of CDP-DG synthase and phosphatidylserine synthase, enzymes involved in PC synthesis, are unaffected by choline alone, repressed by inositol, and repressed further by the combination of inositol and choline (3, 5) .
Two classes of regulatory genes affecting expression of the coordinately regulated enzymes have been identified. The INO2 and INO4 genes are believed to encode positive regulators of INO1 expression because recessive mutations in these genes reduce the level of I-l-P synthesis and INO1 transcript (7, 8, 9) . The opil regulatory mutations cause constitutive derepressed expression of I-l-P synthase (10, 11) and INO1 transcript (7) , suggesting that the wild type OPI1 gene product is a negative regulator of INO1 expression. All of these mutations have effects on the PC synthetic enzymes that are similar to their effects on the INO1 gene product (3, 5, 9) . More recently, it has been reported that INO1 transcription is particularly sensitive to perturbations of the general RNA transcription apparatus. For example, a partial deletion of the carboxy-terminal repeat of the large subunit of RNA polymerase n leads to a pleiotropic phenotype including cold sensitivity, temperature sensitivity, and inositol auxotrophy (Ino~; 12) due to inability to express the 1NO1 transcript (13) . Partial deletion of a gene (SRB2) encoding a suppressor of the RNA polymerase II phenotype also produced a temperature-sensitive, cold-sensitive, Ino~ phenotype (12) . Similar Ino~ phenotypes were also reported in an independent set of mutations defining genes involved in transcription (14) .
The sequences of several of the phospholipid biosynthetic genes including INO1 have been determined. Computer-assisted comparison of these sequences revealed the existence of a nine bp element repeated in the promoters of all of the coregulated genes including INO1 (1) . In the present report, the role of this element and other 5' sequences has been explored through the fusion of INO1 promoter sequences to the Escherichia coli lacZ gene.
MATERIALS AND METHODS

Strains, Media and Growth Conditions
The yeast strains used in this study were: W303-1A (MATa, 112, 15) , kindly provided by R.Rothstein; it8 (MATa, ino2, tys2, uraJ); BRS 1032 (MATa, ino2, ino4, ura3) ; and BRS 1021 (MATa, opil, ade5, Ieu2, trpl, uraJ) . Inositol-free and synthetic complete media were prepared as described previously (7) . A buffered media containing X-gal (15) (pJH334 and d-543) . Likewise, this same restriction fragment was cloned into pGEMl to yield pJH310 which was subsequently employed to generate deletion derivatives (see also Materials and Methods). Abbreviations: Bg, BglD; P, Pstl, N, Ndel; Bh, SamHI; E, EcoRV; X, XhoU; Hp, HinPl; Hd, Hindm.
preparations were done by the method of Qewell and Helinski (19) .
A plasmid containing a 1.0 Kb BglH-Pstl (INO1 promoter) restriction fragment, pJH310 (7; Figure 1 ), was cleaved with Pstl and Ndel, cutting the plasmid at one end of the insert (upstream relative to INO1). Linearized plasmid DNA was employed to create unidirectional deletions (Figure 1 ) by the method of Henikoff (20) . The DNA was precipitated by the addition of ethanol and single-stranded termini were blunt-ended using the Klenow fragment of E. coli polymerase I (New England BioLabs) and the conditions described for nick translation (21) in the presence of all four deoxynucleotides. The blunt-ended DNA fragments were ligated and used to transform E. coli. Promoter deletions were identified by restriction analysis and sequenced to determine their precise endpoints. The appropriate restriction fragments were then cloned into the BamHl-Hindni sites of YIp357R yielding plasmids: pJH339 (d-333); pJH341 (d-86); and pJH342 (d-55).
Plasmids containing deletions were sequenced by the dideoxy chain termination method (22) using denatured supercoiled plasmids as templates (23) . Sequencing reactions were carried out using the reagents supplied in a New England BioLabs sequencing kit.
Yeast cells were transformed with plasmid DNA by a modification of the lithium acetate method of Ito et al. (24) as described previously (7).
RNA Isolation, Primer Extension and SI Analysis
DNA primers and probes for SI analysis were labeled at the 5' termini after dephosphorylation with calf intestinal phosphatase (Boehringer Mannheim) and labeling with [y- 32 ?] ATP using T4 polynucleotide kinase (United States Biochemical Corporation) as described by Maniatis et al. (25) . RNA was isolated from S. cerevisiae cells by the glass bead disruption and hot phenol extraction method of Elion and Warner (26) . Polyadenylated [poly(A) + ] RNA was prepared by oligodeoxythymidylate [oligo(dT)] -cellulose chromatography (27) . Primer extension reactions (28) and SI protective experiments (29) were performed using standard methods previously described. The results were visualized by autoradiography and quantitated by scanning densitometry.
/3-galactosidase Assay
To assay j3-galactosidase 330 y\ of cell extract were added to 1.32 ml /3-gal assay buffer and incubated at 28°C for five minutes. The reaction was initiated by adding 660 /d of 4 mg/ml ONPG (in distilled water) and aliquots were removed at 10, 20 and 30 minutes and added to 500 yl 1M Na^C^ (stop solution). The optical density of the final solution was measured at 420 nm. The total protein concentration of each lysate was determined using a BioRad assay kit (30) .
RESULTS
Identification of the INO1 Transcript 5' Terminus
The 5' terminus of the INO1 transcript was determined using a 21-nucleotide oligomer complementary to a region 45 nucleotides downstream of the initiation codon (31) to prime reverse transcription from RNA ( Figure 2 , Lanes 5-7). The extended products revealed a 5' terminus five nucleotides upstream of the initiation codon, which was designated +1.
Minor products mapping to nucleotides -11, -14, and -38 were also observed (Figures 2 and 3) . A primer extension reaction using RNA from cells grown in the presence of inositol ( Figure  2 , Lane 6) showed that the abundance of all the RNA species decreased under repressing conditions, indicating that they are all coordinately regulated.
Within the INO1 upstream sequence ( Figure 3 ) are seven copies of a nine bp repeated element (consensus, 5'-ATGTGAAAT-3') that has been detected in the promoter region of a number of genes encoding phospholipid biosynthetic enzymes (1) . In addition, the sequence 5'-TATAAA-3' is observed at nucleotides -116 to -111 ( Figure 3 ). This sequence is identical to the sequence that has been shown to be the most efficient synthetic TATA element, 5'-TATAAA-3' (32, 33). leaving the genomic INOl locus intact. Single copy integrants were confirmed by Southern blot analysis.
Construction of INOl-lacZ Fusions
An SI protection assay was carried out using RNA extracted from the d-543 construct. The probe used to detect INOl-lacZ fusion RNA is shown in Figure 4 , Panel B. The labeled site (MstU) was within the lacZ gene, resulting in a probe that detects only the fusion RNA. The probe used to assay the genomic INOl transcript was labeled at a site (EcoRV) downstream of the BglU site (Figures 1 and 4A ). This probe detects only RNA transcribed from the intact genomic INOl locus. The size of the protected fragment from the fusion probe was identical or nearly identical to the size of the protected fragment from the probe that detects INOl genomic RNA (Figure 4) . The 5' terminus of the fusion construct was confirmed on a high resolution polyacrylamide gel and was found to be identical to the 5' terminus of the genomic INOl gene (data not shown). Furthermore, \hzIN01-lacZ RNA produced by the pJH334 construct was comparable in abundance to the RNA transcribed from the native INOl locus (Figure 4 ) and was reduced in equivalent fashion when the cells were grown in the presence of inositol or inositol plus choline (Figure 4 , Panels A and B). Moreover, wild type cells transformed with this construct yielded 89.9 units of/3-galactosidase activity when cells were grown in the absence of inositol and choline, and 1.1 units when inositol and choline were present. 
Construction of INOl-CYCl-lacI'Z Fusions
A second set of constructs was created in the vector pLG669Z (17), a multi-copy autonomously replicating vector that contains elements of the yeast CYC1 gene fused in-frame to the E. coli lacl'Z gene. The CYC1 UAS was removed, leaving the CYC1 TATA sequence intact, thus creating vector pJH304 ( Figure 5 ). 5' to the CYCI TATA box, creating pJH359 ( Figure 5 Figure 5 ) when grown in the absence of inositol and choline (derepressing condition), respectively. The 105 nucleotide INOI fragment in pKS102 is inverted relative to its orientation in the intact INOI promoter (i.e., 5' -154 to -259 3'). A 40 bp sub-fragment of the pKS102 INOI fragment spanning nucleotides -259 to -219 was inserted into pJH304 to make pKSlOl ( Figure 5 ). This construct expressed only 19.3 units of/3-galactosidase under derepressing conditions. None of the three INOI-CYCI-lacl'Z transformants described above expressed detectable levels of /3-galactosidase activity when grown in media supplemented with 75 /tM inositol and 1 mM choline (repressed; Figure 5 ).
The 40 nucleotide (EcoRl-FokT) fragment of DNA employed in constructing pKSlOl contains one copy of the nine bp repeated element that occurs seven times throughout the intact INOI promoter (Figure 3 ). The 105 bp nucleotide fragment employed in creating pKS102 contains two copies of the repeated element and pJH359 contains five copies of the repeat. In order to ascertain whether the nine bp repeated element by itself would support the observed expression and/or regulation, a 21 bp oligonucleotide was constructed that contained within it the nine bp consensus sequence, 5'-ATGTGAAAT-3'. The sequence in the oligonucleotide flanking the nine bp consensus is unrelated -0 H- to IN01 sequence and consists of an Xhol restriction site 3' and a BglK site 5' of the nine bp element ( Figure 5 ). Construct pGSlOl contains a single copy of the 21 bp oligonucleotide while pGS104 contains five copies of the oligonucleotide ( Figure 5 ). Neither construct supported any expression of /3-galactosidase under any growth condition when transformed into a wild type yeast strain ( Figure 5 ).
Effects of Regulatory Mutations on Expression of lacZ Fusions
The INOl-CYCl-lacI'Z fusion constructs were transformed into strains bearing mutations at regulatory loci that are known to affect INO1 expression. The pJH359 (-329 to -119) and pKS102 (-154 to -259) IN01-CYCl-loci'Z constructs expressed high constitutive levels of /3-galactosidase ( Figure 5 ) in an opil background. The opil transformants carrying either of these constructs expressed 450 to 700 units of /3-galactosidase constitutively (as compared to 135 units of activity under derepressing conditions in a wild type strain). The pKSlOl (-259 to -219) construct expressed 76 to 78 units of/3-galactosidase constitutively when transformed into the opil background (as compared to 19.3 units at the derepressed condition in a wild type strain; Figure 5 ). The parent vector pJH3O4 and the two constructs, pGSlOl and pGS104, that contained copies of the 21 bp oligonucleotide containing the nine bp repeat, failed to express any detectable activity in any strain background. None of the INOl-CYCl-lacI'Z transformants expressed any detectable activity in an ino2 genetic background when grown in the presence of inositol plus choline.
DISCUSSION
Examination of the DNA sequence of the INO1 5' flanking region ( Figure 3 ) revealed an element that corresponds to the TATA consensus, spanning nucleotides -116 to -111. The location of this element is typical of S. cerevisiae genes, which usually contain functional TATA sequences in a region from 60 to 120 nucleotides upstream of the start site (35). The sequence present in the INO1 promoter, 5'-TATAAA-3', is identical to the sequence that has been shown to be the most efficient synthetic TATA element, 5'-TATAAA-3' (32, 33) . The d-86 and d-55 INOl-lacZ fusion constructs (Figures 1, 3 ) eliminate the putative TATA sequence at -116 and neither construct supports transcription, consistent with the hypothesis that the sequence at -116 to -111 is a functional TATA element.
The expression of /3-galactosidase from plasmid pJH359 containing the CYCl TATA and INO1 sequences spanning nucleotides -329 to -119, confirms that sequences 5' to the INO1 TATA are capable of functioning as a UAS and, furthermore, that they are capable of conferring regulation in response to inositol and inositol plus choline. A 105 bp subfragment spanning nucleotides -154 to -259 (construct pKS102, Figure 5 ) was also capable of supporting the same degree of expression and regulation from the CYCl TATA as the 210 bp fragment contained in pJH359. The 105 nucleotide fragment contained in pKS102 was inverted compared to its orientation in the intact INO1 promoter. This lends further support to the idea that pKS102 contains within it an INO1 UAS sequence since these elements function regardless of orientation (36). A subfragment from pKS102 spanning the 40 nucleotides from -259 to -219 (pKSlOl, Figure 5 ) also supported regulated expression, but at a reduced level. Furthermore, the INO1 fragment in pKS102 and the smaller sub-fragment contained in pKSlOl both contain a site(s) responsible for INO1 response to the OPI1 gene product since both constructs are expressed constitutively at elevated levels in the opil mutant background. The pKS102 and pKSlOl constructs also appear to be dependent on the INO2 gene product since they are not expressed in an ino2 genetic background. However, since the ino2 mutants are inositol auxotrophs, they must always be grown in the presence of inositol. A rigorous test of INO2 dependence will require an assessment of derepression during a transient growth period following removal of inositol from the medium.
Thus, all the information necessary for regulation of the INO1 gene is contained within the 105 nucleotides spanning -259 to -154 and a subset of that information is contained between -259 and -219. The only sequence detected in the INO1 promoter that is found in promoters of other co-regulated genes, is the nine bp consensus, 5'-ATGTGAAAT-3'. The 105 bp fragment in pKS102 contains two copies of the nine bp repeated element, and the smaller 40 bp sub-fragment in pKSlOl contains one copy of the repeat. The d-333 INOl-lacZ deletion construct maintained full repression in response to inositol. This construct removes half of the most upstream nine base pair repeated element, leaving six intact copies (Figure 3 ). The d-155 construct that retains only two copies of the nine bp repeat; one 5' to the TATA sequence and one 3' to TATA was still partially repressed in response to inositol. Comparison of the 105 nucleotides (spanning -259 to -154) that conferred regulation on pKS102 to the sequence 5' to TATA remaining in the d-155 construct (Figure 3) , revealed only one sequence in common; namely, the nine bp element.
However, the completely artificial constructs, pGSlOl and pGS104, containing one or five copies, respectively ( Figure 5 ), of the nine bp repeat contained within a 21 bp oligonucleotide of sequence otherwise unrelated to INO1, did not activate transcription from the heterologous TATA in the CYCl-lacI'Z fusion. Thus, the nine bp repeat is not sufficient in and of itself to activate transcription and therefore, cannot by itself define the INO1 UAS. This result does not, however, eliminate the possibility that the nine bp element could function as an essential element in INO1 expression in conjunction with other as yet unidentified adjacent sequences. This type of element has recently been observed in the D/lL7gene (37) and termed a UIS (upstream induction sequence). In that system, the UIS by itself does not activate transcription of a heterologous gene, but increases the level of activation driven by the DAL7UAS (37). Alternatively, the nine bp element could be involved in repression (37).
It is possible that the nine bp repeated element in the INO1 upstream region does not define a positive or a negative regulatory site and that its existence in the promoter is completely unrelated to the observed regulation. However, it has recently been demonstrated that the nine bp consensus sequence defines a binding site for a specific protein. Band mobility shift assays (J. Lopes, unpublished) have revealed that the protein is capable of binding to each of the multiple sites within the INO1 promoter and that the addition of the 21 bp oligomer containing the nine bp repeat is sufficient to compete away the binding activity. The protein that binds specifically to the nine bp repeat, however, is present in extracts of all yeast strains thus far examined including ino2, ino4 and opil strains. Therefore, this protein cannot be the gene product of any locus thus far defined in genetic terms as a regulator of INO1. A biochemical characterization of this protein Li in progress. Experiments are presently in progress to test, directly, the ability of the nine bp element to serve as a repressor in conjunction with heterologous UAS elements and to further define the precise minimum sequence and characteristics of the IN01 UAS.
